The bacterial bipartite transferrin receptor is an iron acquisition system that is required for 12 survival by several key human and animal pathogens. It consists of the TonB-dependent 13 transporter Transferrin binding protein A (TbpA) and the surface lipoprotein Transferrin binding 14 protein B (TbpB). Curiously, the Tbps are only found in host specific pathogens, and are 15 themselves host specific, meaning that they will bind to the transferrin of their host species, but 16 not to those of other animal species. While this phenomenon has long been established, neither 17 the steps in the evolutionary process that led to this exquisite adaptation for the host, nor the 18 steps that could alter it, are known. We sought to gain insight into these processes by studying 19
To our surprise, we found that H. somni can use sheep and goat transferrins as iron sources for 23 growth, and that HsTbpB, but not HsTbpA, has detectable affinity for sheep and goat 24 transferrins. Furthermore, a third transferrin binding protein, HsTbpA2, also showed affinity for 25 sheep and goat transferrins. Our results show that H. somni TbpB and TbpA2 act to broaden the 26 host transferrin recognition range of H. somni. 27 Importance (117 words) 28
Host restricted pathogens infect a single host species or a narrow range of host species. 29
Histophilus somni, a pathogen that incurs severe economic losses for the cattle industry, infects 30 cattle, sheep, and goats, but not other mammals. The transferrin binding proteins, TbpA and 31
TbpB, are thought to be a key iron acquisition system in H. somni, however, surprisingly, they 32 were also shown to be cattle transferrin-specific. In our study we find that H. somni TbpB, and 33
Introduction 48
Virulence factor specificity arises over the course of evolutionary arms races between pathogens 49 and their hosts (1) (2) (3) (4) . In this conflict, mutations that help the host evade the pathogen confer a 50 fitness advantage, and in turn, compensatory mutations that allow the pathogen to continue 51 exploiting the host confer an advantage to the pathogen. After multiple rounds of coevolution, 52 the pathogen becomes uniquely adapted to the host and may lose affinity for proteins found in 53 other host species, resulting in specificity (5). Host-species-specific interactions have been 54 identified in a virulence factor known as the bacterial bipartite transferrin receptor (6). This 55 receptor is found in some members of the Beta-and Gammaproteobacteria and consists of two 56 proteins: the TonB-dependent transporter Transferrin binding protein A (TbpA) and the surface 57 lipoprotein (SLP) Transferrin binding protein B (TbpB). The Tbps are employed by bacteria to 58 commit a type of iron piracy, in which iron is removed from the C-terminal lobe of transferrin 59 and transported across the bacterial outer membrane (7) . A TbpA-driven evolutionary arms race 60 between primate pathogens and their hosts has left signatures in the transferrins of some primates 61 (including humans) (8). 62
Both TbpA and TbpB can bind transferrin independently of each other. Because the binding 63 surface of TbpB extends further out from the membrane, TbpB is thought to fish out transferrin 64 and pass it to TbpA. TbpA removes the iron from the transferrin's C-lobe and transports the Fe 3+ 65 across the outer membrane (9, 10); the transferrin is then released from the receptor. TbpA 66 performs the essential transport function while TbpB increases the efficiency of the receptor by 67 preferentially binding holo-transferrin (11). While only TbpA acts as a transporter, both receptor 68 proteins have been shown to be essential for infection (12) . 69
Both TbpA and TbpB selectively bind the transferrins of their hosts. Furthermore, the specificity 70 of the Tbp-transferrin interaction is a significant contributor to the host restriction observed in 71 these pathogens. This has been observed in mouse models of neisserial infection and has caused 72 some researchers to use transgenic transferrin mice in their experiments (13, 14) . Understanding 73 which subset of intermolecular contacts restricts the range of ligands a protein can bind could 74 lend insight into the Tbp mechanism of function, as well allow for the design of better animal 75 models. 76
Apart from TbpA and TbpB, another notable transferrin receptor is Transferrin binding protein A 77 2. TbpA2 is named based on its resemblance to TbpA -both are TonB-dependent transporters 78 that bind transferrin, although TbpA2 is smaller than TbpA (85 kDa compared to 100 kDa). It 79 has also been shown to bind the N-lobe of transferrin rather than the C-lobe (15). To date, 80
TbpA2 has only been identified in two species, the livestock pathogens Pasteurella multocida 81 and Histophilus somni. P. multocida does not encode a TbpBA system while H. somni does. In 82 the latter organism, TbpA2 is thought to undergo phase variable expression (16). Little is known 83 about TbpA2's mechanism of function. 84
Out of all Tbp-encoding bacteria, H. somni presents a particularly interesting system for studying 85 transferrin binding specificity. H. somni is a Gram-negative host-restricted opportunistic 86 pathogen in the Pasteurellaceae family. In cattle, H. somni has been associated with 87 bronchopneumonia, myocarditis, infectious thrombotic meningoencephalitis, arthritis, mastitis, 88 and spontaneous abortion (17-22). It has also been associated with disease in domestic sheep, 89 bighorn sheep, and bison (20, 22, 23) , and has been isolated from the nasal and reproductive 90 tracts of goats (24, 25). It is unclear whether strains of H. somni that circulate in one animal 91 species can be transmitted to other species (23). In one study, cattle (bovine) strains of H. somni 92 were shown to bind bovine transferrin, but not sheep (ovine), goat (caprine), or human 93 transferrin (15, 26).The Tbp system is likely to be the receptor H. somni uses to take up iron 94 during colonization, as the targets of its other iron receptors, such as heme or hemoglobin, are 95 normally intracellular. Also, the Tbps are generally thought to be important in H. somni 96 virulence based on the finding that bovine transferrin increases morbidity and mortality in a 97 mouse model of H. somni infection (27). Therefore, the finding that bovine isolates of H. somni 98 selectively bind bovine transferrin suggested that different strains of H. somni were specialized 99 to infect different species of ruminants, with some being cattle-specific. Because the percent 100 amino acid sequence identity between bovine and ovine, and bovine and caprine transferrins is 101 93%, we determined that relatively few intermolecular contacts in these interfaces must be 102 specificity determinants in the HsTbp-transferrin interaction. This ability to differentiate between 103 closely-related transferrins suggests that relatively few mutations would be required to determine 104 which intermolecular contacts drive specific recognition by the H. somni Tbps. However, we 105 first sought to reproduce the previously published results and to determine whether each TbpA, 106
TbpB, and TbpA2 each displayed the same level of selectivity as was observed in the whole cell 107 binding assay. 108 , 109
We selected strain H191, a bovine isolate of H. somni, for our investigations into Tbp binding 110 specificity. Contrary to prior observations, we found that whole cells of our H. somni bovine 111 isolate bind both bovine and ovine transferrin (although the cells bound ovine transferrin with a 112 relatively lower affinity) (28). Under some conditions, H. somni was also able to use both ovine 113 and caprine transferrins as iron sourcesfor growth. By overexpressing TbpA and TbpB separately 114 in E. coli, we determined that while this strain's TbpA displays no observable affinity for ovine 115 or caprine transferrin, the TbpB binds ovine and caprine transferrins with a sub-micromolar 116 affinity. Furthermore, we also identified TbpA2 in strain H191, expressed it in E. coli, and 117 determined that, while it preferentially binds bovine transferrin, it also binds ovine and caprine 118 transferrins. Taken together, our results suggest that H. somni TbpB and TbpA2 may act to 119 broaden the host transferrin recognition range of this pathogen. 120 121
Results

122
H. somni preferentially takes up iron from bovine transferrin, but also shows affinity for 123 ovine and caprine transferrins 124
In order to see if we could recapitulate the results of the previously published study, we 125 performed a binding experiment with whole fixed cells of H. somni strain H191. We performed a 126 competitive assay known as a displacement ELISA, and looked at binding of whole fixed cells of 127 H. somni to bovine, ovine, caprine, and porcine transferrins. Cattle, sheep, and goats are known 128 hosts of H. somni while swine are not, and so porcine transferrin was used as a negative control 129 ( Figure 1A ). H. somni bound bovine transferrin, as expected, but also displayed some affinity for 130 ovine transferrin. There was no statistically significant binding to the caprine or porcine 131 transferrins ( Figure 1B) . 132
Next, we asked whether H. somni selectively uses bovine transferrin for growth, or whether its 133 binding of ovine transferrin leads to iron uptake from both of these iron sources. We measured 134 growth in the presence of bovine, ovine, caprine, and human transferrins at various 135 concentrations, as well as in buffer alone ( Figure 1C ). H. somni does not normally infect humans 136 and so human transferrin was used as a negative control. H. somni grew significantly better in the 137 presence of bovine transferrin than in the presence of human transferrin at every transferrin 138 concentration. Minimal growth was observed in the presence of human transferrin and in the 139 buffer-only condition. H. somni also showed growth on ovine and caprine transferrins at every 140 concentration except 25 µM. Growth on ovine and caprine transferrins was significantly greater 141 than growth on human transferrin only at the lowest concentration ( Figure 1C ). Overall, the 142 results demonstrate that H. somni has a lower affinity for ovine and caprine transferrins than for 143 bovine. However, it does appear that H. somni can utilize ovine and caprine transferrin. 144
We wondered if the relatively low levels of growth on ovine and caprine transferrin at 25 µM 145 was due to a lower number of transferrin receptors being expressed at the cell surface under more 146 stringent conditions. This low expression may be due to the sudden shift between an iron-replete 147 and iron-starving environment. To address this, we performed another experiment where we 148 "pre-starved" the cells by growing them under iron-limiting conditions that were not as stringent 149 as those used in the previous experiment (see Methods) . In this case, following the pre-starvation 150 step, cells showed growth in the presence of bovine, ovine, and caprine transferrins at 25 µM 151 when compared to growth on human transferrin or buffer alone ( Figure 1D ). 152
We concluded that H. somni H191 does not exhibit strict specificity for bovine transferrin. To address the binding contribution of each of the transferrin binding proteins (TbpA, TbpA2 160 and TbpB), we expressed His-tagged TbpAs, TbpA2, and GST-tagged HsTbpB independently in 161 E. coli, and performed displacement ELISAs (Figure 2 ). E. coli does not encode any of these 162 three receptors and so this served as an appropriate heterologous system. TbpA assays were 163 performed with whole cells while TbpB assays were performed with the soluble lysate fraction 164 (TbpB was expressed without its N-terminal cysteine and was therefore not lipidated). An 165 interaction was denoted as "specific" when unlabeled bovine transferrin lowered the absorbance 166 signal to 10% or less of the maximum and other unlabeled competitor transferrins did not 167 decrease the signal significantly. TbpA specifically bound bovine transferrin ( Figure 2B ). 168
Control TbpAs from the ruminant pathogen Mannheimia haemolytica and from the porcine 169 pathogen Actinobacillus pleuropneumoniae were used to validate the assay. The TbpAs from 170 these pathogens bound specifically to their cognate transferrins in our assay. We used a similar 171 approach to evaluate whether HsTbpB binding was specific for bovine transferrin. A 172 displacement ELISA using soluble GST-HsTbpB showed that unlike HsTbpA, HsTbpB binds 173 bovine, ovine, and caprine transferrins, but has higher affinity for bovine transferrin ( Figure 2C ). 174
Human transferrin was used as a negative control. 175
We also asked whether our strain of H. somni encoded a TbpA2, and whether this receptor was 176 as selective as TbpA. At the time these experiments were performed, a limited number of H. 177 somni genomes were available in NCBI and it was unclear how widespread TbpA2 was among 178 H. somni strains. We amplified out HsTbpA2 from strain H191, and cloned and expressed it in E. 179 coli. We then performed a displacement ELISA in the same way as had been performed for 180
TbpA. HsTbpA2 clearly bound bovine transferrin,which supports a previous report illustrating 181 that the H. somni TbpA2 homolog is a transferrin binding protein. Moreover, HsTbpA2 like, 182
HsTbpA, appears to selectively bind bovine transferrin in this assay ( Figure 2D ). 183
While our displacement ELISAs suggested that TbpB is responsible for the binding of H. somni 184 to multiple bovid transferrins, we decided to complement our competitive binding experiments 185 with direct binding assays to gain additional support for this result. We performed direct binding 186 ELISAs by immobilizing transferrin on 96-well plates and detecting the binding of detergent-187 extracted HsTbpA and HsTbpA2 ( Figure 3A , B). As in the displacement ELISA, detergent-188 extracted HsTbpA bound bovine transferrin, and not ovine, caprine, or porcine transferrins 189 ( Figure 3A) . HsTbpA2, on the other hand, showed binding to bovine, ovine, and caprine 190 transferrins, although the absorbance signal for the latter two interactions was only a quarter of 191 what was observed for binding of HsTbpA2 to bovine transferrin ( Figure 3B ). 192
Because HsTbpA2 binds to ovine and caprine transferrins and is a member of the TBDT family, 193 we concluded that the growth observed in the presence of ovine and caprine transferrins must at 194 least be partially due to this receptor. In contrast, HsTbpB cannot act as a transporter, but may be 195 acting to promote iron uptake from ovine and caprine transferrins as well. To determine whether 196 the affinity of HsTbpB for ovine and caprine transferrins would allow it to bind these proteins at 197 physiological concentrations, we decided to measure binding affinities between the bovid 198 transferrins and HsTbpB. 199
200
The affinities of H. somni TbpB for ovine and caprine transferrins permit binding at 201 physiological concentrations 202
We measured dissociation constants (K D 's) for HsTbpB-transferrin interactions to determine if 203 binding occurs at physiological concentrations. We used bovine, ovine, and caprine transferrins 204 and compared the corresponding dissociation constants with the concentration of transferrin that 205 would be available in the host ( Figure 4A -C, Table 7 ). While TbpB had a 3-fold lower affinity 206 for ovine transferrin and a 15.7-fold lower affinity for caprine transferrin compared to its affinity 207 for bovine transferrin, both dissociation constants are far lower than the concentration of 208 transferrin found in the serum, which ranges between just over 15 µM to just under 90 µM in 209 healthy cattle (see Discussion) (29, 30). We also measured binding of a TbpB from Neisseria 210 meningitidis, a human pathogen, to determine the affinity of TbpBs for non-cognate transferrins. 211
We observed no binding of NmTbpB to ovine transferrin within the concentration range used in 212 the experiment ( Figure 4D ). Taken together, our results suggest that H. somni TbpB is more 213 promiscuous than HsTbpA, and may, along with HsTbpA2, contribute to iron uptake from ovine 214 and caprine transferrins by H. somni. 215 216 Discussion 217
Many pathogens have host species-specific receptors that arise from a process of coevolution 218 with the host. The sites that bear signatures of this coevolution tend to be functionally important, 219 and so identifying them can lend insight into how a given receptor functions. Furthermore, host-220 specific interactions restrict pathogens to infecting a single host species or a narrow range of host 221 species (31). This host specificity or host restriction can create a barrier to studying infection in 222 animal models. A better understanding of the underlying mechanism of specificity could lead to 223 the design of animal infection models that mimic the progress of disease more accurately(32). 224
The Tbps are host-specific receptors used by some host-restricted Proteobacteria for iron 225 acquisition. The interaction between Tbps and their cognate transferrin has been shown to be a 226 prerequisite for infection by Tbp-encoding bacteria. We looked for the most closely-related set of 227 transferrins that could be distinguished by a Tbp system and found a paper reporting that H. 228 somni binds bovine, but not ovine or caprine transferrins. Testing each receptor individually, we 229 found that H. somni TbpA showed no detectable affinity for ovine or caprine transferrins. 230 However, we found the TbpB and an additional transferrin binding TBDT, TbpA2, did bind 231 ovine and caprine transferrins. Furthermore, the affinities of HsTbpB for the ovine and caprine 232 transferrins is high enough to allow HsTbpB to bind them in the blood. We observed that H. 233 somni can utilize bovine, ovine, and caprine, but not human transferrin for growth. There are 234 four possibilities that can account for our observations; firstly, HsTbpA2 may work alone to 235 promote iron uptake from ovine and caprine transferrins; alternatively, HsTbpB may interact 236 with TbpA2 to promote iron uptake; finally, HsTbpB may work with HsTbpA to promote iron 237 uptake from the ovine and caprine transferrin C-lobes, with or without the accompaniment of 238
HsTbpA2, which is expected to take up iron from the N-lobe. A surface lipoprotein 239 compensating for lack of function in a TBDT is a phenomenon that has been observed 240 previously. For example,the function of a neisserial TbpA with mutations that reduced its 241 binding to human transferrin could be partially rescued when it was co-expressed with TbpB 242 (33). The mechanistic basis of this compensatory effect on the part of TbpB remains unknown. 243
One possibility is that TbpB binding increases the local concentration of transferrin in the area 244 around TbpA, thereby increasing the on rate enough to allow for iron uptake and thereby 245 promoting growth. Another possibility is that the association of the transferrin-TbpB complex 246
with TbpA leads to a conformational change that increases the affinity of TbpA for transferrin. 247
In this study, we conclude that TbpB can serve to broaden the host transferrin recognition range 248 of H. somni because its affinity for ovine and caprine transferrins is high enough to promote 249 binding in the blood. Our conclusions are based on reported serum transferrin concentrations. 250
While there is a range of reported values, healthy cattle have transferrin concentrations of 1.37 to 251 6.6 g/L (29, 30). Using a molecular weight of ~78 kDa for glycosylated bovine transferrin, the 252 transferrin concentration in the blood can be estimated to range between 17 to 85 µM. This is 253 similar to the serum transferrin concentrations found in other animals (34). All of the transferrins 254 used in our experiments were fully iron loaded in order to remove a source of variability from 255 the experiments. However, only about 25-50% of the transferrin found in the blood is iron 256 saturated, meaning that in the blood, only ~10-25% of the transferrin C-lobes are in the holo 257 form (35). Because of this, the concentration ranges used in our experiments are approximately 258 representative of the amount of transferrin that is available as an iron source in the blood for 259
Tbp-containing bacteria. Another important consideration is that H. somni usually resides on 260 mucosal surfaces where the transferrin concentration is significantly lower (although the exact 261 concentration is difficult to measure). In human saliva, for example, the concentration of 262 transferrin is roughly 10-50 nM (36-38). At these concentrations, the lower relative affinities of 263
HsTbpB and HsTbpA2 for ovine and caprine transferrins compared to bovine transferrin may 264 become significant. H. somni is isolated from cattle more frequently than from sheep or goats. It 265 is possible that the concentration of transferrin on the mucosal surfaces of sheep and goats may 266 be low enough to pose a barrier to H. somni colonization. 267
The H. somni transferrin receptors were chosen for specificity studies because they had been 268 reported to distinguish between very similar transferrins. However, we did not find the H. somni 269
Tbps to be as selective as reported. It is likely that the difference between our observations and 270 previously published results is due to differences in assay sensitivity. Furthermore, because 271
HsTbpA2 is phase variable, it is possible that HsTbpA2 was not expressed in the bacteria used in 272 the whole-cell binding assays of the previously published study, which means that TbpA 273 specificity may have had a larger relative effect on the results. It is worth noting that a previous 274 study that identified TbpA2 in another strain of H. somni also suggested that H. somni has two 275 sets of receptors, one specific for bovine transferrin and another that bound bovine, ovine, and 276 caprine transferrins (16). However, this paper does not conclusively determine which Tbps are 277 responsible for each binding pattern. 278
There were some discrepancies between the results obtained in the assays used in our study. 279
Firstly, while H. somni appears to grow to similar levels on ovine and caprine transferrins, it 280 appears to bind ovine transferrin with a higher affinity than caprine transferrin. This higher 281 relative affinity for ovine transferrin compared to caprine was also observed in experiments 282 using only HsTbpA2 and only HsTbpB. One possible explanation for this discrepancy is that 283 growth-promoting synergistic interactions between Tbps were not picked up in the binding 284 assays. Measuring the growth of tbpB and tbpA2 knockouts on various transferrin iron sources 285 would provide insight into whether and how these receptors work together. Secondly, binding of 286
HsTbpA2 to ovine and caprine transferrins was observed in the direct ELISA but not the 287 displacement ELISA ( Figure 24D and 25B ). This is likely because the displacement ELISA did 288 not have sufficient dynamic range to capture this difference in affinity. This difference would 289 likely be observed at higher ratios of competitor to labeled transferrin. Interestingly, in the 290 HsTbpA2 displacement ELISA, the signal obtained using a competitor porcine transferrin was 291 significantly higher than the signal obtained with no competitor ( Figure 24D ). This points to a 292 flaw in the assay that cannot at present be explained. However, the difference in signal between 293 the ovine and porcine, and caprine and porcine columns was not significant. It is clear that a 294 more quantitative approach with purified TbpA2 is needed for follow-up binding assays. 295
Measuring the binding affinities between HsTbpA2 and the bovine, ovine, and caprine 296 transferrins would provide the most accurate information about the relative strengths of these 297
interactions. 298
We originally intended to mutate residues in ovine transferrin to the corresponding residues in 299 bovine transferrin and screen for changes in affinity to the H. somni Tbps. This could still be 300 done to identify important sites of contact between the Tbps and transferrin. However, in the 301 case of HsTbpB and HsTbpA2, this would not be a screen for "all-or-none" changes in binding, 302 but instead would likely involve precise measurements of changes in affinity. BLI, or a similarly 303 sensitive technique that allows for quantitative binding analysis, would be ideal for these kinds 304 of screens. Because of the presence of intermediate-affinity interactions, the H. somni Tbps may 305 not be a good model system for studies looking at how to alter binding specificity in Tbp-306 transferrin interactions. 307
TBDT-dependent nutrient uptake systems can be either be monopartite, bipartite, or even 308 multipartite, such as the Sus system in Bacteroides (39). TBDTs do not inherently require 309 affiliated SLPs or other TBDTs to function. What then are the potential advantages of 310 multipartite systems? TbpA is always found in an operon with TbpB and the latter has been 311 shown to be essential for host colonization in the absence of lactoferrin receptors (12). However, 312 the reason for this is not understood. TbpB is hypothesized to be important because it 313 preferentially binds holo-transferrin. TbpA has no preference for transferrin's iron loaded state, 314 and so TbpB is thought to greatly increase the efficiency of iron acquisition. Furthermore, TbpA 315 and TbpB have been shown to function synergistically and together, have a higher affinity for 316 transferrin than either protein does alone. In this study we propose another advantage of having 317 an accessory SLP: the expansion of substrate range. In multipartite nutrient uptake systems such 318 as the Sus proteins, accessory lipoproteins are known to modulate substrate specificity (40). We 319
propose that HsTbpB also acts as a modulator, by broadening the specificity of the H. somni 320 transferrin receptor. 321
To our knowledge, H. somni is the only pathogen that has three transferrin binding proteins. 322
Whether HsTbpA2 leads to the formation of a tripartite receptor is unknown, but the possibility 323 is worth investigating. is interesting to note that the commensal H. somni isolate 129PT (GenBank accession: 330 CP000436) has a frame-shifted TbpA2 while more virulent isolates such as strain 2336 331 (CP000947) do not display this frameshift (unpublished observations). In the same way that it 332 apparently benefits Neisseria to express three hemoglobin binding proteins, it may benefit H. samples were centrifuged at 3000g to remove insoluble components and initially fractionated via 358 ammonium sulfate precipitation. Ammonium sulfate was added to the serum to achieve a 40% 359 saturation at 4°C and dissolved at room temperature by end-over-end mixing. Once no more 360 undissolved ammonium sulfate crystals were visible in the serum, the serum was centrifuged at 361 12 000g to remove precipitate. It was often necessary to perform two centrifugation steps, 362 transferring the soluble fraction to a new tube in between steps, to remove all the precipitate. 363
Further ammonium sulfate cuts were performed by adding ammonium sulfate to saturations of 364 55%, 70%, and 85% at 4°C. The 70% fraction, which is expected to contain most of the 365 transferrin, was resuspended in 50 mM Tris, pH 8.0, and dialyzed in 2 L of the same buffer for 8-366 16 hours at 4 C, followed by 3 more changes of 2 L. Samples of the other fractions were dialyzed 367 concurrently and used for SDS-PAGE analysis. 368
The dialyzed 70% ammonium sulfate fraction was further purified using anion exchange 369 chromatography using an in-house packed 25 mL Q-Sepharose column. After multiple rounds of 370 chromatography, primarily done to separate transferrin from albumin, the protein was 371 concentrated and size exclusion chromatography using an S75 column (GE) was used for buffer 372 exchange into PBS. The protein was concentrated further (if necessary), aliquoted, flash-frozen, 373 and stored at -80 C. 374
Whole cell ELISAs with H. somni 375
H. somni strain H191 was grown overnight at 37ºC and 5% CO2 on chocolate agar plates 376 containing 1% IsoVitalex. Cells were harvested from plates, washed once in PBS, and 377 resuspended at an OD 600 of 0.05 in BHI broth containing 0.5% yeast extract, 0.05% thiamine 378 pyrophosphate and 50 uM deferoxamine, and left to grow for 16 hours overnight at 37ºC with 379 shaking. Cells were harvested by centrifugation for 10 minutes at 4000g, washed once in PBS 380 containing 10 mM MgCl 2 , and fixed for 20 minutes in 1.85% formaldehyde solution (3.7% 381 formaldehyde mixed with equal parts PBS + 10 mM MgCl 2 ). Cells were washed once in PBS + 382 10 mM MgCl 2 and resuspended at an OD 600 of 10 in the same buffer. 100 uL of cells per well 383 was applied to 96-well flat-bottomed tissue culture plates (Sarstedt). Plates were incubated for 3 384 hours at room temperature in a biosafety cabinet. Plates were then washed once with PBS and 385 patted dry. 50 uL of 6.6 nM biotinylated transferrin and 50 uL of 132 nM of unlabeled transferrin 386 was applied to each well and left to incubate for 2 hours at room temperature. Transferrin was 387 diluted in 5% skim milk dissolved in PBS. Plates were washed 3 times with PBS and 100 uL 388 volumes of streptavidin-HRP at a dilution of 1 in 5000 dissolved in skim milk solution was 389 added to the wells and left to incubate for one hour at room temperature. Plates were washed 3 390 times with PBS. Binding was detected with 3,3',5,5'-Tetramethylbenzidine (TMB) substrate 391 (Sigma), reactions were stopped with 2 M HCl, and absorbance was read at 450 nm. Signal of 392 wells containing buffer instead of cells was subtracted from all reads. Wells including cells but 393 not labeled transferrins were also used to monitor for nonspecific binding. Absorbance readings 394 were normalized to the signal of wells containing no competitor. Data was plotted and analyzed 395 in Graphpad Prism. Statistical analysis was performed using one-way ANOVA followed by 396
Dunnett's post test. Normalized readings were compared to a value of 1, the normalized signal 397 for the "no competitor" column, and the value that is expected when no binding occurs. 398
Whole-cell ELISAs with E. coli 399 5 colonies each of E. coli C43 were inoculated into 1 mL of LB medium containing 5 ug/mL 400 kanamycin sulfate. The starter culture was grown for 16 hours overnight with shaking at 37C. 401
The starter culture was used to inoculate TB medium containing 50 ug/mL of kanamycin sulfate. 402
The dilution was 1 in 100. Cells were grown for approximately 1.5 hours to an OD 600 of 0.15-0.2 403 and induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Cells were grown for 404 another 1-1.5 hours to an OD 600 of ~0.3, harvested, and resuspended in PBS to a density of 10 10 405 cells/mL. Expression was verified by immunoblotting with anti-his antibodies (dilution of 1 in 406 5000) (Thermo Fisher Scientific Cat# MA1-21315-HRP, RRID:AB_2536989). 100 uL volumes 407 of cell suspension were added to 96-well tissue cultures plates (Sarstedt) and allowed to adhere 408 at 37º C for 3 hours. Plates were washed once with PBS and blocked for 1 hour with 5% skim 409 milk solution. The rest of the procedure was carried out as described for the H. somni ELISA, 410 except that the concentration of transferrin used was 250 nM instead of 132 nM (~38-fold excess 411 of unlabeled competitor). Data was analyzed as described in 4.3.4. 412
ELISAs with E. coli lysates containing GST-TbpB 413 E. coli C43 starter cultures were used to inoculate 5 mL of 2YT-based ZYP-5052 autoinduction 414 media containing 100 µg/mL of ampicillin. Cultures were left to grow for 48 hours at 20°C. The 415 low temperature was used to minimize formation of inclusion bodies. Cultures were harvest by 416 centrifugation at 10000g and resuspended in 1 mL of PBS pH 7.4, 1 mg/mL lysozyme, 1 mM 417 DnaseI, 1 mM benzamidine. Cells were lysed by sonication (30 seconds of constant pulsing at 418 the lowest setting using a microtip followed by 1 minute of incubation on ice, repeated 1-2 more 419 times). Insoluble components were pelleted by centrifugation at 16000g for 10 minutes at 4°C. Extractions were performed by slow stirring for one hour at room temperature or overnight at 444 4°C. Following extraction, undissolved components were removed by centrifugation at 16000g 445 for 10 minutes at 4°C. 100 µL of extract was applied to transferrin-coated wells and plates were 446 incubated for 1 hours at room temperature. Wells were washed 3 times with buffer containing 447 1% Elugent. Wells were then incubated, either for 1 hour at room temperature or overnight at 448 4°C, with 100 µL of mouse anti-his antibody (ThermoFisher) diluted 1 in 5000 in PBS 449 containing 5% skim milk and 1% Elugent. Wells were washed 3 times with buffer containing 1% 450 Elugent then incubated for 1 hour at room temperature with 100 µL of goat anti-mouse antibody 451 in PBS containing 5% skim milk, 1% Elugent. Wells were washed 3 times with buffer containing 452 1% Elugent. Signal read-out was performed by adding 100 µL of 3,3',5,5'-Tetramethylbenzidine 453 (TMB) substrate (ThermoFisher). The reaction was stopped by addition of 100 µL of 2 M HCl 454 and absorbance at 450 nm was read using an Epoch Microplate Spectrophotometer (BioTek). 455
Readings were normalized to the absorbance reading obtained with bovine transferrin. This was 456 done to account for variations in signal observed between experiments. These variations were 457 due to slight differences in protein concentration, adhesion to the plates, and incubation times 458 with TMB. Data was analyzed by one-way ANOVA followed by Tukey's test. 459
Lysate preparation for binding experiments involving in vivo biotinylated TbpBs 460
BAP-tagged TbpBs were expressed from E. coli C43(DE3) cells. Five colonies per construct 461 were inoculated into 2YT-autoinduction media (45). Because expression levels varied between 462 TbpB orthologs, different culture volumes were used to produce each construct: 10 mL for 463
HsTbpB, 5 mL for MhTbpB, and 2 mL for NmTbpB. Cells were grown overnight for 20 hours 464 with shaking at 37°C. Cells were pelleted at 10 000g for 5 minutes at 4°C, resuspended in 1 mL 465 of PBS containing 1 mg/mL lysozyme and 1 mM PMSF, and lysed by sonication. Cell debris 466 was removed by centrifugation at 16 000g for 10 minutes at 4°C. 467
Bio-layer interferometry binding assays 468
Bio-layer interferometry was performed using the Octet RED96 system (PALL-ForteBio). All 469 samples were diluted in kinetics buffer (1x PBS, 0.1 mg/mL bovine serum albumin, 0.002% 470 Tween-20). Streptavidin-coated sensors were first equilibrated in kinetics buffer, then dipped 471 into lysates diluted twofold in kinetics buffer. After 100 seconds of loading, the sensors were 472 washed for 200 seconds in kinetics buffer and then dipped into wells containing transferrin 473 diluted in kinetics buffer. After 60 seconds of association, the sensors were dipped into buffer 474 wells for 200 seconds to allow dissociation to occur. Sensors were regenerated in buffer 475 consisting of 50 mM citrate, pH 4.5, and 100 mM EDTA. The wash-association-dissociation-476 regeneration sequence was repeated for every concentration of transferrin on the BLI plate. Tables 627 Table 1 . HsTbpB binding constants for interactions with bovine, ovine, and caprine 628
transferrins. 629
Binding constants were derived by fitting to a 1:1 binding model (for bovine transferrin) or by 630 plotting readings at steady state and fitting the saturation binding curves. All values are means of 631 three separate experiments +/-standard error. 
